Documenting the recovery of hydrologic functions following perturbations of a landscape/watershed is important to address issues associated with land use change and ecosystem restoration. High resolution LiDAR data for the USDA Forest Service Santee Experimental Forest in coastal South Carolina, USA was used to delineate the remnant historical water management structures within the watersheds supporting bottomland hardwood forests that are typical of the region. Hydrologic functions were altered during the early 1700's agricultural use period for rice cultivation, with changes to detention storage, impoundments, and runoff routing. Since late 1800's, the land was left to revert to forests, without direct intervention. The resultant bottomlands, while typical in terms of vegetative structure and composition, still have altered hydrologic pathways and functions due to the historical land use. Furthermore, an accurate estimate of the watershed drainage area (DA) contributing to stream flow is critical for reliable estimates of peak flow rate, runoff depth and coefficient, as well as water and chemical balance. Peak flow rate, a parameter widely used in design of channels and cross drainage structures, is calculated as a function of the DA and other parameters. However, in contrast with the upland watersheds, currently available topographic maps and digital elevation models (DEMs) used to estimate the DA are not adequate for flat, low-gradient Coastal Plain (LCP) landscape. In this paper we explore a case study of a 3 rd order watershed (equivalent to 14-digit hydrologic unit code (HUC)) at headwaters of east branch of Cooper River draining to Charleston Harbor, SC to assess the drainage area and corresponding mean annual runoff coefficient based on various DEMs including LiDAR data. These analyses demonstrate a need for application of LiDAR-based DEMs together with field verification to improve the basis for assessments of hydrology, watershed drainage characteristics, and modeling in the LCP.
Introduction
Watersheds are an organizing framework for the assessment of hydrologic and ecological functions and various impacts of the landscape. Reliable and sustainable water yield from watersheds in the Southeastern Coastal Plain has become an area of concern in recent years because of changing population growth, land use, and potential climate change. To address this concern, there is a need for a reliable understanding of hydrologic processes and water balance of less disturbed, forested watersheds on low-gradient Coastal Plain (LCP) lands [1] [2] [3] [4] [5] [6] [7] . This reference water balance could be used to quantify the mag-difficulty in accurately estimating the watershed drainage area used in depth-based runoff.
The drainage area can be estimated with a reasonable accuracy for high-gradient upland watersheds with regularly available US Geological Survey (USGS) topographic quadrangle maps (Scale 1" = 1 mi with 20-ft contour intervals) or digital elevation models (DEMs). Most of the analyses in the study were conducted using USGS topographic-quad map based DEMs. The DEM is a digital cartographic/geographic dataset of elevations in xyz coordinates. The terrain elevations for ground positions are sampled at regularly spaced horizontal intervals. DEMs are derived from hypsographic data (contour lines) and/or photogrammetric methods using USGS 7.5-minute, 15-minute, 2-arc-second (30-by 60-minute), and 1-degree (1:250,000-scale) topographic quadrangle maps." http://tahoe.usgs.gov/DEM.html. The 30 m DEM developed from hypsographic data (contour lines) and/or photogrammetric methods using the 7.5' USGS topographic quadrangle map is generally the hydrologists' choice for watershed drainage area delineation [9, 10] . However, more accurate topographic maps may be needed to obtain an accurate estimate of the drainage area in the LCP where the land slope is very flat with a few contours. For example, recently [11] found huge discrepancies in the elevation data of Interstate (I-95) obtained by 10 m DEM created from 10 m contours developed by hand digitization of USGS 1:24,000 scale topographic maps compared to the DEM developed from the 2010 Light Detection and Ranging (LiDAR) data. The older 10 m DEM and the latest LiDAR-DEM provided an average difference of 0.9 m on randomly selected locations on the I-95. They converted the 10 m DEM for the study area (Camden County, GA, a southern coastal county) using the algorithm developed with differentiation values of both. The study area, USDA Forest Service Santee Experimental Forest (SEF), used in this study is of similar topographic nature. Similarly, [12] reported that the USGS topographic maps are considered insufficiently accurate in their topographical representation of watershed boundaries, slopes, and upslope contributing areas to meaningfully apply detailed processbased soil erosion assessment tools at the field scale. However, the authors also concluded that DEMs based on USGS 10-ft contour lines from publicly available data can be as good as the most accurate datasets obtained from real-time kinematic differential GPS (RTK-DGPS) in estimating average annual off-site runoff (−18.3% error) and sediment yield using the WEPP model within a 30-ha upland watershed. Most recently, [13] reported the effects of uncertainty in estimating elevations from various DEM types on erosion rates. Similarly, in another study by [14] , the authors argued that it is often difficult to quantify soil loss due to gully erosion because the footprint of individual gullies is too small to be captured by most generally available DEMs, such as the USGS National Elevation Dataset. James et al. [15] also noted that the standard DEMs generally lack the spatial and temporal resolution to perform change detection at the local gully scale. Depending on data sources, methods and procedures used to generate field DEMs, the DEM estimates contain errors [16] . Thus LiDAR data are being increasingly used to derive information on elevation [17] . However, only a very few or no studies have been conducted so far on the effects of errors in DEMs in estimating drainage area of watersheds in low-gradient coastal landscapes (LCP).
DEMs created using elevations from the USGS topographic quad maps may often be altered by construction of roads and cross-drainage structures, more so in flat LCP. In these flat lands such a road bed may serve as a boundary of the watershed that may not have been reflected in the old USGS topographic map based DEMs [18] . If not field verified for those road infrastructures and reconditioned in the DEM, the actual estimated drainage area as well as drainage network may well be different from that developed using the available DEMs. This clearly suggests a necessity for field investigation of road network and other flow control structures in addition to having accurate high resolution DEM for hydrologic analysis and modeling, especially that involves drainage area calculation, in coastal plains.
In this paper we illustrate how the recognition of historical land use features, including water management structures, as a result of high resolution spatial data, affects our understanding of hydrologic processes and pathways. We provide examples of hydrologic models to illustrate how the resolution of the resource data (e.g., soils, vegetation, land use, topography, and hydrography) used as model inputs and the model design may affect interpretations. Most process based models require some form of calibration and/or validation prior to their applications [8, [19] [20] [21] ; that calibration process typically involves modifying parameters or coefficients for specific processes to achieve reasonable model performance with respect to the output of interest. The assumption is that reasonable agreement between the simulated and measured data (e.g., stream discharge) reflects an accurate representation of the processes within the watershed. However, seemingly accurate predictions of stream flow at the watershed outlet may be achieved by complementary errors from internal processes resulting in inaccurate predictions of in-stream flows, water table depths, and soil moisture within the watershed [19] .
Floodplains in the Coastal Plain of the southeastern United States were the principal agricultural zone during the early colonial era (e.g., late 1600's and early 1700's). In South Carolina, the freshwater floodplains were used manuscript. for rice cultivation. The development of the land included water management features like reservoirs, impoundments, diversion and distribution channels, diked fields, and lateral ditches and collector canals [22] . Those manmade features remain on the landscape, however they are not apparent in the classical resource data used for hydrologic assessments and modeling [9, 23] . Thus the current USGS topographic survey information is of insufficient resolution to demark these important land features affecting hydrologic pathways and functions as well as to delineate the LCP watersheds.
Materials and Methods

Site Description
Santee Experimental Forest
This work was conducted on the US Forest Service's Santee Experimental Forest (SEF) in South Carolina. The SEF is representative of the lower Coastal Plain landscape (LCP), characterized by low relief, mixed hardwood-pine flatwoods, and bottomland hardwood floodplains. The SEF was part of the Cypress Baroney that was conveyed by King Charles in 1697; the land was subsequently divided into three plantations in 1707, which is when the agricultural development began. The floodplains of first, second and third order streams were developed into rice fields during the early 1700's period. The present topographic, hydrography, soils and vegetative information for the forest convey a uniform, lowrelief landscape (Figure 1) . These are the typical spatial data that are used for hydrologic modeling [1, 8, 21] .
The objectives of this paper were: 1) to analyze LiDAR data and summarize field observations of the stream channel network and other various drainage and legacy water management features on the Santee Experimental Forest, South Carolina and 2) to summarize the effects of various topographic maps and DEM resolutions used in estimating drainage area on average annual runoff coefficient for a forested watershed (Turkey Creek) in the Atlantic Coastal Plain. Furthermore, the effects of roads and road culverts on estimated actual effective drainage area using the available DEM are also discussed in the LiDAR data for the SEF were obtained using Airborne Laser Terrain Mapping technique in 2007 by [24] . The raw LiDAR data were collected with a horizontal resolution of 0.1 m and a vertical accuracy of 0.07 -0.15 m. The bare-earth return data were processed in ArcGIS to smooth the DEM and map potential stream channels using the ArcHydro extension (flow direction, length).
Turkey Creek Watershed
Most of the Turkey Creek watershed is in the Francis Marion National Forest on the coastal plain of South Carolina (Figure 2) [25] . The study watershed is located within the USGS quadrangle maps of Huger (NE), Bethera (SE), Shulerville (SW and SE), and Ocean Bay (NW and NE) with the approximate coordinate ranges of 610,400 to 628,600 easting and 3,658,500 to 3,670,500 northing [1] . Located within a 12-digit hydrologic unit code (HUC 030502010301) of the Catawba-Santee basin [26] at the headwaters of East Cooper River, a major tributary of the Cooper River draining to the Charleston harbor system, Turkey Creek (WS 78) is typical of other watersheds in the south Atlantic Coastal Plain, where rapid urban development is taking place. Technically, Turkey Creek is a 6 th level hydrologic unit that qualifies only as a subwatershed although we refer to it as a "watershed" in this paper. The topographic elevation of the watershed varies from about 2.0 m at the stream gauging station to 14 m above mean sea level [1] .
Evolution of Drainage Area
The estimation of drainage area of the Turkey Creek watershed changed as more accurate maps and associated DEMs were available in the course of this 48-year (1964-2011) period (Table 1) . When the watershed was established in 1964, the drainage area boundary was approximated using the then available USGS topographic map with a scale of 1 inch = 2 miles. Later on in early 1969 the 1 inch = 1 mile scale USGS map was used to obtain a new boundary and watershed area. Although flow data on the watershed were continuously collected until 1984, no analysis or publication was done with these historic data, except for internal station reports. After discontinuation of flow measurements in 1984, it was not reestablished until late 2004. Accordingly, there were not any updates in drainage area of the watershed although new DEMs continued to become available in the late 80's and 90's.
The first literature search on recent DEMs in late 2004, when the Turkey Creek watershed was reestablished, resulted in a 1999 publication for 14-digit hydrologic unit code (HUC) development for South Carolina [26] which used the 1:24,000-scale 7.5-minute series topographic maps as the source maps and the base maps from 1:100,000-scale Digital Line Graphs; however, the data (Figure 2 ). This was available in very high resolution DEMs (at a 2 m point spacing or better, and gridded with a 1 m resolution and a vertical accuracy of 0.07 -0.15 m). The estimate of drainage area was updated using DEMs covering that smaller area with LiDAR data. Finally, by August 2011, similar high resolution LiDAR data (draft only) for the Berkeley County, SC containing the whole Turkey Creek watershed was obtained from the SC Department of Natural Resources (SCDNR) [31] .
The specifications of the LiDAR elevation data acquired as point cloud ("LAS") for the Turkey Creek watershed included a nominal point spacing of 1.5 meter and vertical root mean square error (RMSE) of 18.4 cm (Figure 3) . The vertical RMSE suggests that there is a possibility of 18.4 cm average error in elevation in the DEM created from the LiDAR data. Quick Terrain Modeler ® ×64 [32] was used to generate the bare earth ground and water surface raster DEM with a cell size of 1.5 m. Although the LiDAR data resolution was 0.3 m, the DEM of 1.5 m resolution was developed to reduce the file size and thus promote faster analysis. The generated DEM was then exported as an ERDAS IMAGINE image [33] and projected to State Plane NAD-83-South Carolina FIPS 3900 feet, using ESRI ® ArcGIS 9.3.1 [34] .
LiDAR-DEM Reconditioning for Culverts
The DEM was further pre-processed to minimize generation of discontinuous streams due to presence of bridges and culverts. Additional challenges of working with low relief and very low slope watersheds such as Turkey Creek are such that wide areas can have a slope of near zero and the area is covered by a network of raised and compressed logging and forest service road beds. These effectively act as runoff barriers or miniature dams. To address some of these challenges, a comprehensive culvert survey of the study area was carried out in 2010 and 2011 using a combination of identifiers to predict the likely locations of culverts. First, the National Hydrography Dataset (NHD; [35] ) was used to locate where confirmed water vectors intersect the roads. National Agricultural Imagery program (NAIP) orthoimagery specific to our study area was used to identify where denser brighter green vegetation common to riparian zones and wetlands (areas where water accumulates for extended periods of time) approach roads. Lastly, the elevation data was used to identify where roads span across depressions where water can collect. These points were plotted at these locations and the data was taken to the field as coordinate lists and maps. Each location was driven to and searched. If a culvert was confirmed, its GPS coordinates and orientation were noted. Any additional culverts that were identified in the field were also recorded. Ideally, each feature would include location, orientation, width, length, and depth. However, the three later parameters were limited by the raster resolution and thus all culverts were represented by three-pixel wide (4.5 m) V-channels.
The DEM reconditioning was done using the Agree Streams capability of the ArcHydro extension for ArcGIS. The process lowers the pixel values that coincide with the chosen polyline shapefile by a pair of defined depth values for a given width in pixels. Figure 4 shows where a culvert line was drawn along Forest Route 167 at a GPS point where the culvert was identified in a 120 m wide depression area just 15 m from the NHD location of Kutz Creek in the watershed. The channels for bridges had previously been inserted by the agency that collected and processed the LiDAR.
Total of 138 culverts were found by examination of bare earth LiDAR DEM, followed by field visits that were made in July 2010 (18 more culverts) and August 2011 (76 additional culverts) as shown in Figure 5 .
These findings are consistent with those by [36] who showed that fine-scale LiDAR-derived maps can significantly improve field survey-based inventories of landslides with a subdued morphology in hilly regions. This is also similar to the observations of [14, 15] who hypothesized that the ability of LiDAR data to map gullies and channels in a forested landscape should improve channel-network maps and topological models.
A reference stream layer containing the culvert locations and their sizes (lengthwise on the stream segments) was used for the DEM reconditioning. The depth of culvert was used to recondition the DEM on the locations of the culverts through the ArcHydro DEM reconditioning function. Thus, the elevation at the culvert locations become accurate (lower than the elevations obtained from LiDAR data based DEM as LiDAR data cannot locate the culvert openings because they are buried below the roads).
The new DEM obtained after reconditioning for all culvert elevations was used to generate a new Turkey Creek watershed boundary and subwatersheds with ArcSWAT [20, 37] . The automated watershed delineation processes of programs such as ArcSWAT [37] or BASINS model [38] use the Deterministic 8-neighbor (D8) algorithm for flow direction [39] based on the concept of steepest slope. Some of the documented weaknesses of D8-algorithm include tendency to generate parallel flow paths in flat areas, high sensitivity to inherent DEM errors, and inaccurate flow direction on convex slopes [40] [41] [42] . Other algorithms such as multiple flow direction (MFD), Deterministic-Infinity (D∞), Random-Eight Neighbor (Rho8), and Digital Elevation Model networks (DEMON) have been developed to address the above challenges [43] . This study does not address the effect of the algorithm used to automatically delineate watershed drainage area from DEM, but highlights the effects of DEM resolution using ArcSWAT which implements the D8 algorithm [39] .
Hydrologic Analysis with Changed Watershed Boundary and Area
The historic stream flow data obtained by using the measured stage data and the stage-discharge relationship established in the early period [44] were archived in Forest Service data base [25] . No studies, however, were conducted or published using these flow data from this watershed for this period. The daily stream flow data was processed to obtain volume of water in cubic meters discharged in each year by multiplying by the drainage area with the given DEM method and conversion factors. The calculated mean annual outflow volume of 16.5 million cubic meters for the 13-year period was then divided by the calculated drainage area of the watershed obtained by each of the DEM methods since mid-1960's to obtain the depth-based outflow. The 50-year (1951-2000) average annual rainfall of 1370 mm obtained from the data collected at a nearby weather station at Santee Experimental Forest (SEF) headquarters was used to calculate the average annual runoff coefficient (ROC). The ROC is the ratio of average annual depth-based outflow (mm) and average annual rainfall (mm). The ROC was calculated to assess its uncertainty, for that matter the uncertainty of the overall average annual water balance of the watershed, due to uncertainty in drainage area obtained from each DEM type. The ROC calculated using the drainage area derived from the DEM based on the recent high resolution Li-DAR data was considered as a reference for compareson with the ROCs obtained using historic results.
Results and Discussion
Santee Experimental Forest
Detection of Historic Land Use Features
The LiDAR data were effective in delineating the drainage and agricultural water management features associated with the rice cultivation in the floodplain (Figure 6 ). The features range in size from dikes and dams (0.2 -1.6 m height) to ditches (0.2 -0.3 m depth). It's important to note the prominence of these features on the watershed, and to realize that their occurrence is within a watershed that has a total relief of less than 4 m. Within the context of this landscape, these dikes and ditches are major topographic features. The only reflection of these historical agricultural water management features on the current USGS topographic map (scale 1:24,000) are the major impoundment structures (see Figure 1(b) ), but only a few of those existing structures are denoted. In a similar application, [15] used LiDAR data to map gullies and headwater streams under a forest canopy in South Carolina, and found that LiDAR data provided robust detection of small gullies and channels, except where they are narrow or parallel and closely spaced. They reported that the ability of LiDAR data to map gullies and channels in a forested landscape should improve channel network maps and topological models.
Effects of Historical Water Management
Features on Watershed Hydrology The historical water management features may have been affecting current watershed hydrology in several ways. Diversion ditches are affecting upland runoff processes including overland flow paths. These ditches were constructed to shunt water from reservoirs to fields located in the floodplain; hence they run perpendicular to the slope. The ditches, with the associated spoil bank, serve to interrupt surface runoff and to channel the runoff at points where water control structures existed (Figure 7) . The presence of these features is a major contradiction to the assumptions of hill slope runoff from the traditional resource data (topographic map). The effects of the collection and rechannelization are evident by drainage rivulets into the floodplain. The net effect of these ditches is to interrupt hillslope flow path, pool runoff, and redirect it through small channels. It is also likely that subsurface runoff is also affected. This may also ultimately alter travel time and time to peak of flooding at the watershed outlet.
The old field ditches and banks also affect runoff within the floodplain; these are major topographic features that will affect transport and routing, especially during flood stages. During non-flood periods, if the old ditches are not hydraulically linked to the stream, they may function as detention storage areas affecting infiltration positively and stream flow negatively.
Detection of Stream Network
The high resolution LiDAR data also proved useful in delineating the stream location. The USGS topographic maps convey a rather straight or direct-flowing stream; in contrast the stream generated with the LiDAR data illustrates a meandering channel (Figure 8) .
As a result, the difference in stream channel configurations like the length and sinuosity among the two data sources is pronounced; for the stream reaches denoted in (Table 2) .
Sinuosity, a ratio of channel (thalweg) distance and downvalley distance, describes whether a channel is straight or meandering. The sinuosity values range from 1.0 for straight channels to as high as 4.0 for highly intricate meandering streams [45] . The calculated sinuosity values were also different for these reaches when calculated with the USGS and LiDAR stream data ( Table 2) . Both the length as well as sinuosity was not even detected for reaches R6 to R8 when the USGS map was used.
None of the stream reaches would be considered meandering with a sinuosity ratio of 1.5 or greater) when calculated from the USGS topographic map. In contrast two of the stream reaches (R2 and R3) actually meander, based on the sinuosity values > 1.5 calculated from the LiDAR data ( Table 2 ). The 61% increase in channel length and recognition of sinuosity in some reaches has important ramifications when considering peak discharge, time to peak, routing, in-stream processes and pollutant export from these watersheds.
Changes in Hydrologic Functions
Water management structures that were devised for rice cultivation in the floodplain that began 300 years ago are affecting contemporary surface water hydrology and stream channel hydraulics. As a result, hydrologic and hydraulic functions of the watershed have been potentially altered from conditions that were presumed to exist in these now-forested watersheds ( Table 3) .
The changes are associated with alterations to hill slope runoff including its pathways, structures within the floodplain changing depressional storage, and increased channel length and flow routing which results in longer landscape is represented by the readily available resource data (e.g., Figure 1) . During model calibration, parameters and coefficients may be modified to achieve reasonable simulations, as compared to measured stream discharge. As an example, a common parameter to adjust for peak flow rates during calibration is the depressional storage, a parameter that is very difficult to measure directly [23] . It is evident that adjustments to depressional storage could mask or compensate for the effects of the actual channel and stream routing (Figure 8 ) and hill slope runoff (Figure 7) . For example, depressional storage is a key parameter in the DRAINMOD model that controls the surface runoff rate after the soil is saturated and the surface storage is filled [46] [47] [48] . The effect is to modify the model behavior to achieve more accurate output, but if that calibration does not reflect actual hydrological processes, then the end results do not reflect accurately simulated processes within the watershed. Recently, [23] developed a GIS-based depressional storage capacity (DSC) model using USGS DEM data for one of the SEF watersheds (WS-77) and estimated 1 cm of effective depressional storage. When that storage factor was used to simulate stream discharge for the watershed using both DRAINMOD and its watershed-scale version, DRAINWAT [23, 49] 
Figure 8. Overlay of the USGS topographic map (green) and LiDAR derived stream channel (blue).
Runoff Routing
Interruptions in overland runoff effectively pool runoff and channelize the flow into the riparian zone.
Stream Routing
Development of a meandering stream system following agricultural abandonment has resulted in longer flow path than represented on topographic maps.
Flood Storage
Flood storage is likely increased with the presence of the dikes within the floodplain.
Water Table  Depth Longer surface water retention due to structures increase the water table elevation and soil moisture.
time to peak and reduced peak runoff rate. While active water management structures increase surface depressional storage enhancing the wetland hydrologic functions (e.g., water table elevations and soil moisture), it is uncertain how these relic structures affect depressional storage since the control structures are not functional.
Implications for Modeling
When modeling hydrology on the SEF watershed, the an underestimation of the surface storage parameter for this watershed, which could result from not recognizing the historical water management structures not reflected in current DEMs.
Turkey Creek Watershed
Evolution of Drainage Areas
The watershed drainage area delineated in 1964 using the USGS topographic map with 1 inch = 2 miles scale is shown in Figure 9 . Based on this the preliminary drainage area at that time was reported as 3240 ha (8000 ac) [44] . Some of the boundary followed the existing road. This drainage area resulted in the average annual ROC of 0.38 ( Table 1) . Such a value is generally observed for mountainous upland conditions [50] and is considered high for predominantly forested low-gradient watersheds in the humid coastal region [5, 50] . The second estimated drainage area of the Turkey creek watershed in early 1970s was based on the USGS topographic map of 1 inch = 1 mile scale (Figure 10 , Table 1 ).
The area of the watershed using this map was estimated at 4575 ha (11,300 acres) [51] , which was about 41% higher than the initial estimate of 3240 ha. As a result, the calculated average annual ROC for this DEM was 0.27 only ( Table 1) , which is in the range of values obtained for similar coastal forested watersheds [52] .
Later when the watershed gauging station was revitalized in late 2004 for conducting multi-collaborative hydrologic studies on this and adjacent 1 st and 2 nd order watersheds, a need of more reliable drainage area estimate was perceived. Accordingly, the new DEMs with 30 m horizontal and 1 m vertical resolution available in 2004 from SCDNR were used to delineate the watershed using the ArcView GIS software tools (Figure 11) .
The new watershed boundary shown in Figure 11 yielded the drainage area approximately at 4920 ha (12,150 acres) ( Table 1) . This was an increase of 7.5% compared to the estimate and a 52% increase from the initial (1964) estimate. Thus the drainage area continued to increase. Accordingly, the calculated average annual ROC continued to decrease to 0.25 ( Table 1) , which is also in the range of published data for this type of coastal forested watersheds [50, 52, 53] . Amatya and Radecki-Pawlik [25] used these data to compare the streamflow dynamics of this watershed with the two adjacent 1 st and 2 nd order watersheds. No field verification was done. Later in 2005 USGS obtained an estimate of 5880 ha (14,520 acres) as the drainage area at the outlet of the current gauging station (Table 1, Figure 12 , green color) using the SC 14-digit HUC with the 1:24,000-scale 7.5-minute series topographic maps as the source maps and 1:100,000-scale Digital Line Graphs as base maps [27] . This was still a 19.5% increase from the previous SC-DNR2004 based DEM result. No field checking for road boundaries as well as cross drainage structures like culverts was done for this estimate although these may have dramatic effects on the reconditioned DEMs and the derived drainage area. Accordingly, the average annual ROC was found to be 0.21 for this area ( Table 1) , which is also in the range of the published data for the coastal forested watersheds [50, 52, 53] . small lower part of the Turkey Creek watershed, which is within the Santee Experimental Forest, a new drainage area of 6,510 ha was calculated, which was 10.3% lower than the ArcView/SWAT computed area of 7260 ha and 10.7% higher than the SC 14-digit HUC generated area of 5980 ha. The average annual ROC was 0.19 based on this area of 6510 ha ( Table 1 ) and is lower compared to similar coastal watersheds.
Finally, in 2011 the most updated high resolution 1.5 m × 1.5 m and 0.18 m vertical resolution DEM based on the complete LiDAR data for the watershed was used to redefine the boundary and corresponding area using the ArcSWAT model as shown in blue color in Figure 14 . The area calculated by this method as a reference was 5240 ha with a corresponding calculated average annual ROC of 0.24 (Table 1) , which was very close to the similar other forested watersheds in the coastal plain [50, 52, 53] . The area of only 5240 ha estimated using the Li-DAR-based DEM is about 6.5% higher than the previously estimated area of 4920 ha by SCDNR2004 method, indicating that the 30 m × 30 m horizontal and 1 m vertical resolution DEM was well within the water balance errors [18] . The USGS defined drainage area of 5880 ha based on 14-digit HUC was 12.2% higher than this Li-DAR-based DEM as a reference.
In 2006, new DEMs obtained from the USGS Enhanced 1:24,000 true 10 m horizontal 1 m vertical DEM became available to update the watershed boundary. In this case the SWAT interface in ArcView [37] was used to delineate the watershed as shown in Figure 13 . The delineation also considered the drainage pathways due to forest roads and 44 culverts surveyed during the 2006-2007 period [28] . The ArcView SWAT delineation yielded the highest drainage area of 7260 ha ( Table 1) . This was 124% higher than the initial estimate of 3240 ha and 47.6% higher than the estimate using the 30 m × 30 m DEM. This was possibly due to errors in the 10 m enhanced DEM as reported recently by [11] .
Interestingly, if the areas that were drained by the road culverts (based on DEM reconditioning and field verifycation) outside of the watershed boundary are not considered (or included as if there were no culverts) the Li-DAR-based DEM (brown color) also provides exactly the same drainage area (5880 ha) as the one obtained by using the 2011-USGS 14-digit HUC data. This indicates that for areas without culverts the DEM based on the 14-digit HUC may be as accurate as the LiDAR based DEM for these LCP watersheds. However, further analysis of more LCP watersheds is needed to definitively confirm this observation.
This new drainage area resulted in the lowest average annual ROC value of 0.17 ( Table 1) . Ongoing studies on the Turkey Creek watershed at that time used this drainage area to calculate the new depth-based outflow in estimating field water balance [2] , assessing the rainfallrunoff storm event dynamics [5] , as well as validating a SWAT model [1, 28] .
Later in 2010 using partial LiDAR dataset for the Data in Figure 15 shows the uncertainty in average annual runoff coefficients as a result of variability in the corresponding estimated drainage areas of the Turkey Creek watershed for various DEM types used since 1960's. Clearly, a highest ROC of 0.38 was obtained for the lowest area estimated using very first initial USGS topographic map of 1" = 2 mi scale in 1960's. The lowest ROC of 0.17 was obtained for the largest estimated area of 7260 ha by using ArcSWAT delineation with the 1:24,000-scale true 10 m horizontal and 1 m vertical resolution DEMs. We believe both of these DEMs produced larger errors in estimating average annual ROCs, as a result of errors in drainage areas.
The drainage area of 4920 ha calculated using 30 m DEM from SCDNR in 2004 was the closest, with only about 6% underestimate, to the area of 5240 ha obtained by the LiDAR data in 2011. owever, the historic 1969 1" = 1 mi topographic map based area of 4575 ha was 12.6% lower than the LiDAR-based estimate. These results are consistent with those by the NOAA's Office of Hydrologic Development [54] who reported a reduction of errors in basin area estimates by more than half by using 30 m DEM compared to the 400 m DEMs for mild to moderate sloped watersheds with less than 78 km 2 area in the states of Oklahoma and Kansas.
The effects of uncertainty in drainage areas obtained by various DEM types can be propagated in many hydrologic studies including water and nutrient balances, spatially distributed modeling (SWAT, MIKESHE, HSPF, DRAINWAT, WEPP, etc.) and engineering designs for water resources structures involving Rational Method (Equation (1)), USGS regional flood discharge formula (Equation (2)) [55] , peak discharge estimates (Equation (3)) [56] , pollutant export coefficients, estimating flow rates using empirical approaches for ungauged basins (Equation (4)) [57] , designing the best management practices, and nutrient loading estimates (Equation (5)) [58, 59] generally used in Total Maximum Daily Load (TMDL) developments. 
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where Q peak is the peak discharge, C is a runoff coefficient, I is rainfall intensity, A is field or drainage area, Q 10 is peak discharge with a return period of 10 years, Q p is long-term daily flow exceeded p% of the time, [a, b, c, d , and e] are regional coefficients, X 1 and X 2 are watershed descriptors, L io is a nutrient loading at a field edge, and L ec is the average export coefficient for a given land management practice (soil, crop/vegetation, and water management). While the importance of high resolution LiDAR-based DEM for delineation of accurate drainage areas was demonstrated, it may have other applications also as shown by [30] for the Santee Experimental Forest. The authors reported that improvements in hydrologic functions and pathways used in hydrologic models and assessments can be achieved by using these high resolution DEMs that are capable of identifying the remnants of legacy water management structures left from rice planting in 1700's in the SC Lower Coastal Plain, which otherwise were not identified using the regular and enhanced DEMs. Similarly, [23] used DEM-based approach including LiDAR data to quantify the surface storage parameter widely used in hydrologic models for predicting the peak flow rates. Lang and McCarty [17] demonstrated the ability of LiDAR intensity data for forest inundation mapping on forested wetlands in eastern shore of Maryland. Eeckhaut et al. [36] concluded that LiDAR data enabled experts to find ten new landslides and to correct the boundaries of 11 of the 77 landslides mapped during the field survey. Our work here used recent high density LiDAR data with field verification to identify more culverts in the stream tributary network than possible using the NHD dataset. Our findings are consistent with recent findings of [60] , who reported that stream datasets derived from semi-automated and automated interpretation of LiDAR derived DEMs were considerably more accurate than NHD high resolution and Plus datasets. These authors found that LiDAR derived datasets significantly increased percent area and total number of wetlands that were considered connected.
Summary and Conclusions
There is a tremendous need to accurately represent environmental processes on the landscape. Questions involving climate change, land use effects, urbanization, etc., require a thorough understanding of the processes regulated by hydrology because the consequential thresholds are usually small. While models are the principal tools for conducting assessments, representations from spatially distributed, physically-based models are only as effective as the mathematical representation of the processes and the accuracy and resolution of the supporting data. We have shown that historical land use features may affect contemporary watershed hydrologic and transport processes, to illustrate that the modeling process (e.g., calibration) may compensate for inherent features in the landscape. Adoption of higher resolution data, whenever available, will challenge and ultimately improve our understanding of hydrologic and pollutant cycling processes and hence model applications [10, [12] [13] [14] [15] 17, 60] . With the improvement in computer processing speed, sensor technology, and advanced models, high resolution data are being analyzed on a faster scale and providing better and efficient results. In areas where water resources are critical and existing data relatively poor (e.g., coastal plain), acquisition of high resolution topographic data will greatly enhance our ability to assess hydrologic functions including water, nutrient and carbon balances.
DEMs based on high resolution topographic data such as LiDAR with field verification for cross drainage structures and roadbeds of the study watershed should be used for estimating more reliable boundary/drainage areas often used in hydrologic studies in the flat, low-gradient coastal plain landscapes. The area delineated by using the 14-digit HUC may be as accurate as the one obtained by the LiDAR-based DEM for these LCP watersheds as long there are no roads or culverts on the landscape. The drainage area estimated using the classical 30 m horizontal and 1 m vertical resolution DEM was found to be much more accurate than the USGS enhanced 1:24,000 true 10 m horizontal 1 m vertical DEM when compared to the LiDAR-based DEM in this study. Although the high resolution LiDAR-based DEM was considered as the most accurate for use as a reference in this study, we should still acknowledge some uncertainties and errors in the LiDAR data processing also as various software used to process them have some limita-tions and potential errors (e.g., errors due to inherent structure of algorithms for automatic watershed delineation).
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